INTRODUCTION

COMPELLING EVIDENCE SUGGESTS THAT SLEEP MODU-LATES BRAIN FUNCTION AND DEVELOPMENT INCLUD-ING GENE EXPRESSION, PROTEIN TRANSLATION AND
learning and memory formation. 1, 2 Studies in animals have shown that sleep loss has a detrimental impact on functional brain plasticity, including synaptic long term potentiation. 3 Other studies in animals demonstrated that sleep deprivation/ sleep loss attenuates neurogenesis, especially in hippocampal regions, suggesting that sleep loss also affects structural brain plasticity. [4] [5] [6] These functional and structural findings are consistent with human behavioural studies demonstrating that experimental sleep curtailment disrupts neurocognitive performance, 7 including the nocturnal consolidation of hippocampal dependent memories. 8 To date no human studies provide evidence that sleep loss affects the structure of the brain. In part, this is due to the impossibility of studying experimental sleep deprivation in humans for long enough durations to demonstrate structural brain alterations. Primary insomnia (PI) is a naturally occurring clinical condition characterized by the subjective experience of chronically disturbed sleep and sleep loss. PI is defined in the Diagnostic and Statistical Manual of the American Psychiatric Association 9 by complaints of prolonged sleep onset, difficulty maintaining sleep, or nonrestorative sleep, together with waking symptoms such as mood disturbance, increased anxiety, fatigue, and cognitive difficulties, lasting ≥4 weeks. While not identical to sleep deprivation, PI may serve as a useful human model to test the hypothesis that chronically disturbed sleep is associated with changes in brain structure. PI seems particularly well-suited as a research model because the sleep disturbance is not due to any other confounding medical or psychiatric disorder.
Recent neuropsychological 10 and memory studies 8, 11 indicate that patients with PI show daytime cognitive impairments and deficits of memory formation during sleep compared to good sleepers. This might be related to altered hippocampal function or structures since the hippocampus is critically involved in cognitive performance and memory formation. 12 Neuroimaging techniques have been used increasingly to characterize basic sleep-wake states in normal sleep and specific sleep disorders in humans. However, few studies have been conducted in PI. One positron emission tomography (PET) study demonstrated 13 that subjects with PI, compared to good sleepers, had higher global cerebral glucose metabolism during sleep and wakefulness. PI had a smaller decline than controls in relative metabolism during NREM sleep in wake promoting regions. These data support the neurocognitve-hyperarousal model 14 of PI, which is based on electrophysiological and neuroendocrine studies indicating increased levels of arousal both during sleep and wakefulness in these patients. Based on the aforementioned evidence we tested the hypothesis that brain structures, especially hippocampus, would show reduced volume in patients with chronic PI compared to good sleeper controls, as measured by magnetic resonance imaging (MRI).
METHODS AND MATERIALS
Participants
We studied 8 physician-referred patients (3 males, 5 females) with PI and compared them to 8 good sleepers carefully matched by age, gender, educational status, and body mass index (BMI). Mean age (± SD = standard deviation) was 48.4 ± 16.3 yrs. in PI and 46.3 ± 14.3 yrs. in controls (Wilcoxon test, two-tailed, P = 0.958). Patients had 11.0 ± 1.6 yrs. of school education compared to 12.1 ± 1.6 yrs. in controls (Wilcoxon test, two-tailed, P = 0.275). With the exception of one PI patient, all subjects were right-handed. Body mass index was 22.7 ± 2.1 kg/m 2 in the PI sample and 22.5 ± 2.8 kg/m 2 in the control group (Wilcoxon test, two-tailed, P = 0.879) Patients had suffered from insomnia for a mean duration of 11.6 ± 8.9 yrs. Their mean score on the Pittsburgh Sleep Quality Index, 15 a measure of the sleep quality during the previous 2 weeks, was 11.1 ± 2.9 versus 3.5 ± 2.1 in the control group (Wilcoxon test, two-tailed, P <0.001; scores >5 indicate poor sleep quality). All patients were medication-free for at least 2 weeks prior to the MRI study. PI was diagnosed according to DSM-IV criteria 9 based on a structured clinical interview. 16 Acute and chronic medical and psychiatric disorders were thoroughly investigated and ruled out by a structured psychiatric diagnostic interview, 17 physical examination, clinical daytime EEG, routine ECG, blood tests (analyzed for blood cell count, thyroid, renal and hepatic function) and urine drug testing (for benzodiazepines, opiates, barbiturates, amphetamines, and cannabis). PI subjects had no current or life-time comorbid psychiatric disorders (as assessed by a structured clinical interview 17 ). The control group of good sleepers was recruited from the community and had no acute medical, sleep or psychiatric disorder, determined by the same procedure as above. None of the control subjects had a lifetime history of a psychiatric disorder. The study was approved by the Ethics Committee of the University of Freiburg and all subjects provided written informed consent.
MRI Measurements and Analyses
MRI images were obtained at the Department of Radiology at the University Hospital of Freiburg Medical Center on a 1.5 T Magnetom Sonata scanner (Siemens Medical Solutions, Erlangen, Germany). T1 and T2 weighted coronal images were acquired to screen for brain pathology. For volumetric assessment a T1-weighed anatomical magnetization-prepared rapid gradient-echo sequence was recorded 18 (160 sagittal slices with 256 x 256 voxels, 1.0 x 1.0 x 1.0 mm 3 ). Volumetric measurements were performed using the interactive software program MReg after nonuniformity correction and reorienting to coronal slices (MINC software, http://www.bic.mni.mcgill.ca/). Within MRreg, the images were zoomed to a magnification of 4X for outlining the regions of interest (ROI). The ROIs were outlined manually using a mouse driven cursor following the established protocol described by Watson et al. 19 Total brain volume was measured at every 10 slices with a magnification of 2X. The volume of each structure in each slice (the in-slice volume) was calculated by multiplying the number of voxels contained within each trace by the voxel volume, 1 mm 3 , and dividing by the magnification factor. Total volume of each structure was the sum of all in-slice volumes. The substructure volumes were corrected for total brain size by multiplying the ROI volume by the ratio of the mean brain volume over the individual's brain volume. 11 Delineation of each ROI followed a well established and validated protocol 19, 21, 22 and included the dorsolateral prefrontal cortex, the orbitofrontal cortex, the anterior cingulate cortex, amygdala, and hippocampus. We selected these regions because of their roles in the regulation of executive function, memory, and affect; PI patients complain of impairments in each of these functions. Images of patients and controls were presented to one independent rater in a random sequence without any cues to patient/control status to ensure that the rater was blinded to the identity and clinical status of the subject and the laterality of the images. The rater demonstrated reliability in a separate subset of 20 images of healthy volunteers not included in this study.
A more detailed description of our morphometric data analysis can be found in our previous publication 22 which applied the same approach to MR images of patients with borderline personality disorder.
Statistics
Due to the small sample size nonparametric methods were used for data analysis. All statistical tests were two-tailed with an alpha level of P = 0.05. Group comparisons were performed using Wilcoxon tests for independent samples. Spearman rank order correlations (r sp ) were used to assess correlations between volumetric parameters and other variables. Due to the exploratory nature of the study, no correction for multiple testing (i.e., Bonferroni correction) was applied when analyzing group differences with respect to brain structures. PI subjects had significantly smaller hippocampal volumes bilaterally. None of the other ROIs showed any difference between both groups. Figure 1 shows single subject values for right and left hippocampal volumes. Correction for multiple comparisons using the Bonferroni procedure rendered PI-control differences nonsignificant.
RESULTS
PI
As an alternative to formal correction for multiple testing, and given the additional consideration of significant findings bilaterally, we assessed the probability of positive findings compared to the null hypothesis. Assuming that our single rater had a very high random error of 20%, the observed difference in hippocampus volume would be observed by chance in only 2.5% of measurements for groups of 8 subjects (df=7). The probability of observing this difference simultaneously in 2 different parts of the brain is (2.5%)² or 0.6%. If the measurement error is more realistically assumed to be around 10%, these probabilities are reduced to 10 -3 and 10 -6 , respectively. Correlation analyses were conducted to examine relationships between medication-free interval, insomnia duration (for the PI group only), and morphometric data. None of these correlations approached significance.
DISCUSSION
Manually derived morphometric analysis revealed significantly reduced hippocampal volumes bilaterally in patients with chronic PI compared to healthy good sleeper controls. The differences were comparable in magnitude to differences previously described in other neuropsychiatric conditions like depression, posttraumatic stress disorder, and borderline personality disorder. 23 Before drawing conclusions from these data about the impact of insomnia on brain structure several methodological caveats need to be addressed. Sample size was small, including only 8 subjects in each group; replication in larger independent samples is needed. Statistical correction for multiple comparisons would have rendered the differences in hippocampal volumes nonsignificant. Due to the exploratory nature of the study a more lenient statistical level is probably acceptable, at least with respect to the heuristic value and hypothesis-generating character of the investigation. The fact that hippocampal volumes were detected bilaterally argues against a mere chance finding. Finally, when inspecting individual values of hippocampal volumes (see figure  1 ) the difference of data distribution between good sleepers and PI patients appears rather distinct and not resulting from extreme outliers in the insomnia group.
Insomnia diagnosis was only based on clinical reports, structured interviewing and PSQI data. Replication studies might benefit from further subtyping PI by using recently published RDC 24 (Research Diagnostic Criteria), sleep diaries and polysomnography; the latter would also definitely rule out any other occult sleep disorder. This will allow correlations between morphological measures and refined measures of sleep in both insomnia and good sleeper groups.
Possible confounding variables including age, sex, body mass index, and years of school education were controlled by carefully matching groups. Comorbid medical and psychiatric disorders were unlikely to confound the findings given the stringent screening procedures in both groups. Within the insomnia group, medication-free interval and duration of insomnia were not correlated with the extent of hippocampal volume reductions, suggesting that these variables also cannot account for the observed findings.
Given the cross-sectional design of this study, we cannot infer a causal link between insomnia and hippocampal volume reduction in either direction, or whether a third unmeasured factor Insomnia and Hippocampal Volume-Riemann et al might account for both findings. Animal studies have shown that short-term sleep deprivation and sleep restriction have a negative impact on hippocampal neurogenesis. [3] [4] [5] [6] These data support the hypothesis that sleep itself might be necessary for neuronal regeneration in hippocampal structures. The relationships between sleep and learning have received considerable attention in recent years. Sleep fosters nocturnal memory consolidation and prolonged wakefulness prevents this consolidation. Specifically, declarative memory is assumed to be associated with the amount of slow wave sleep, whereas procedural memory consolidation is related to the amount of REM sleep. 2 We and others have shown that nocturnal memory consolidation is impaired in PI compared to healthy control sleepers. 8, 11 These data complement the wellknown involvement of hippocampal structures in learning and memory processes 12 and are consistent with the findings of the present study.
Another avenue in psychiatric research has linked changes in hippocampal structures with increased production of cortisol in other psychiatric conditions. 25 Interestingly, increased cortisol secretion has also been described in some studies of primary insomnia, 26 though not consistently. 27 Thus, both disturbed sleep and increased rates of cortisol production could plausibly be linked to changes in hippocampal structures in PI. Future studies could further elucidate this possibility by combining morphometric analysis with neuropsychological testing, neuroendocrine studies, polysomnography and nocturnal learning paradigms and task-related fMRI paradigms in insomnia and good sleeper samples.
In summary, we tentatively conclude from our data that insomnia may either result from, or contribute to, changes in brain structure. Therefore it may be important to measure and control for insomnia and sleep disturbances in neuropsychiatric research aiming at delineating the morphological correlates or even antecedents of psychopathology. This conclusion also applies to the study of learning and memory in humans, where little attention has been paid to the sleep quality of subjects. Our data, carefully interpreted, suggest that sleep and sleep disturbances may impact on brain structures involved in these processes.
